Objective: Deaths related to HIV/AIDS have declined due to improved HIV therapies. However, people with AIDS remain at elevated risk for cancer and cancer deaths. Prior studies evaluated cancer deaths using death certificates, which may be inaccurate. We utilized population attributable risk methods (which do not rely on death certificates) to assess cancer mortality.
Introduction
Following the widespread use of HAART in 1996, survival improved dramatically among people infected with HIV [1, 2] . These changes in the mortality experience of people with HIV infection are largely due to steep declines in deaths from complications, such as opportunistic infections associated with advanced immunosuppression (i.e., AIDS). Despite improved overall survival, people with HIV infection, and particularly those with AIDS, remain at elevated risk for cancer and cancer-related death [3] [4] [5] . There are three AIDS-defining cancers (ADCs) that occur at elevated rates in HIV-infected people, each of which is caused by an oncogenic virus: Kaposi sarcoma (caused by Kaposi sarcoma herpesvirus), non-Hodgkin lymphoma (NHL, wherein the major AIDS-defining subtypes are due to Epstein-Barr virus), and cervical cancer (due to human papillomavirus) [6] . People with HIV/AIDS are also at increased risk for other cancers [i.e., non-AIDSdefining cancers (NADCs)], such as Hodgkin lymphoma (caused by Epstein-Barr virus infection) and lung cancer (related to tobacco exposure), for which HIV-related immunosuppression or inflammation may also contribute [7] .
As deaths among HIV-infected people decline, especially those due to AIDS-related opportunistic infections, a larger fraction of the remaining deaths may be attributable to cancer. Indeed, studies that have reviewed causes of death among HIV-infected people have signaled that the crude fraction of deaths due to cancer (i.e. the number of deaths with cancer as the underlying cause divided by the total number of deaths) may be increasing in the HAART era [8] [9] [10] . Notably, however, it can be difficult to determine a single cause of death in people with HIV/ AIDS, many of whom have multiple serious medical conditions. Clinicians may inaccurately ascribe death to cancer, when AIDS or another illness is actually responsible, or vice versa.
An alternate approach to assigning a proportion of deaths to cancer is premised on a calculated estimate of cancerattributable mortality [11, 12] . This method is, in principle, based on a simple comparison of the all-cause mortality experience of people with cancer to people without cancer, that is, it assumes that the extra deaths in people with cancer are due to the cancer. Because the attributable mortality framework uses only the total number of deaths, an advantage is that it does not require specified causes of death from death certificates, which can be inaccurate. However, no previous study of HIVinfected people has utilized this methodology.
We used population-based data from a large cohort of people with AIDS in the United States to determine trends in mortality and applied statistical models to determine the fraction of deaths attributable to cancer over time.
Methods

Study design
The HIV/AIDS Cancer Match Study links registry data on persons with HIV or AIDS diagnosed between 1980 and 2008 to cancer registries in 15 US states and metropolitan regions (http://hivmatch.cancer.gov) [13] . Following linkage, only deidentified data are retained for analyses. Institutional review boards at participating sites approved the study.
Our goal was to determine mortality attributable to incident cancer among an immunosuppressed population. We, therefore, constructed a cohort of people with AIDS who were initially cancer free. AIDS was defined according to the 1993 Centers for Disease Control and Prevention surveillance case definition [6] . We required individuals to be cancer-free before and at AIDS diagnosis, as cancer prior to AIDS onset might have artifactually accelerated the development of AIDS, and because three cancers are themselves AIDS-defining conditions. Importantly, Kaposi sarcoma can occur as an initial AIDS-defining event but has lower mortality than other AIDS-defining conditions [14] . Therefore, our exclusion of people with ADCs as their AIDS-defining event precludes the possibility of findings which would suggest ADCs as protective for mortality.
Follow-up for cancer and mortality began 4 months after AIDS onset. Of 574 242 potentially eligible people with AIDS, we excluded those who had any cancer reported to the cancer registry, or an ADC reported to the HIV/ AIDS registry, before 4 months after AIDS onset (N ¼ 33 374 and N ¼ 18 107, respectively) and those whose observation time ended before month 4 (N ¼ 128 831). We also excluded those whose followup for cancer began after month 4 (N ¼ 16 743) in order to make the cohort uniform at baseline. In addition, people diagnosed with AIDS prior to 1980 (N ¼ 7) and children aged less than 14 years (N ¼ 4816) were excluded, yielding a cohort of adults and adolescents with AIDS who were cancer-free at the start of month 4 after AIDS onset (N ¼ 372 364). The exclusions used in the current study of people with AIDS are the same used in a prior analysis of underlying causes of death reported on death certificates [10] , allowing for a direct comparison of findings between the two methods.
Information on invasive cancers was obtained using the linked data from cancer registries, and malignancies were coded according to the third edition of the International Classification for Diseases for Oncology [15] . Cancers were categorized as ADCs and NADCs using a modification of the Surveillance, Epidemiology, and End Results program's 'Site recode with Kaposi sarcoma and mesothelioma' [16] . Only first cancers were considered, and vital status was obtained from HIV/ AIDS registries at the time of the linkage.
Statistical methods for estimating cancerattributable mortality Individuals were classified according to calendar year of AIDS onset: 1980-1989 (no or limited availability of antiretroviral therapy), 1990-1995 (monotherapy and/or dual therapy), and 1996-2006 (HAART). Person-time was measured from month 4 after AIDS onset until last follow-up for cancer from the cancer registry, death, or a maximum follow-up of 5 years, whichever occurred first. Mortality rates among people with AIDS and cancer, and among those with AIDS alone who were cancer-free (the reference group), were calculated with people contributing person-time to the cancer-free group until they developed cancer, then contributing person-time the group with cancer subsequently.
To determine the proportion of mortality due to cancer over this 5-year (60-month) period following AIDS onset, we calculated the fraction of deaths attributable to cancer among persons with cancer (attributable risk) and the fraction of deaths attributable to cancer among all persons with AIDS [population attributable risk (PAR)]. Analyses were conducted separately to assess mortality attributable to ADC, NADC, and any cancer combined.
The attributable mortality method assigns a proportion of deaths to an exposure or condition (e.g. cancer) based on the relative difference in mortality rates among exposed and unexposed groups. A difficulty in applying standard formulae for attributable risk and PAR is that they evaluate individuals at a single time point, when all individuals can be unambiguously classified with respect to the exposure and outcome. To account for the fact that cancers and deaths both continued to occur throughout 5 years of observation, we divided the person-time into 10 intervals of 6-month duration. Individuals were then classified according to their cancer status at the start of each interval. Next, for each interval, we fitted a Cox regression model to measure the association between presence of cancer on or before the start of the interval with death during the interval, adjusted for sex, race/ ethnicity, and age group. For each interval, we then calculated attributable risk and PAR as, attributable risk ¼ adjusted hazard ratio À 1 adjusted hazard ratio PAR ¼ P e Â ðadjusted hazard ratio À 1Þ P e Â ðadjusted hazard ratio À 1Þ þ 1
wherein P e was the proportion of individuals with cancer (i.e. exposed) on or before the start of the interval [11, 12] . We derived overall attributable risk and PAR estimates for the entire 60 months of follow-up by multiplying the interval-specific attributable risk and PAR estimates with the interval-specific number of deaths in persons with cancer or the interval-specific total deaths, respectively; summing these interval-specific attributable deaths across the intervals, and expressing the total attributable deaths as a fraction of all deaths in persons with cancer (attributable risk) or all deaths in the cohort (PAR). Variances for attributable risk and PAR estimates were derived using the delta method [17] , and pairwise estimates were compared for individuals diagnosed with AIDS during 1980-1989, 1990-1995, and 1996-2006 using a two-sided Student's t-test. Finally, in addition to these proportional measures, we report cancer-attributable mortality as rates per 1000 person-years. We calculated attributable mortality rates by dividing the number of deaths in people with cancer that were attributable to their cancer by the person-time contributed by people with cancer. Likewise, we calculated population attributable mortality rates by dividing the number of deaths in the entire population attributable to cancer by the person-time contributed by all people regardless of cancer status. These rates are presented by AIDS onset calendar periods. P values less than 0.05 were considered significant. All analyses were conducted in SAS version 9.2 (SAS Institute, Cary, North Carolina, USA) and R version 2.1 (R Foundation for Statistical Computing, Vienna, Austria).
Results
Demographic characteristics of the 372 364 people with AIDS included in the study are presented in Table 1 . Across calendar periods, the proportion of males declined (88% in 1980-1989 to 74.7% in 1996-2006) and the median age at AIDS onset increased (35 years in 1980-1989 to 38 years in [1996] [1997] [1998] [1999] [2000] [2001] [2002] [2003] [2004] [2005] [2006] . The proportion of non-Hispanic whites decreased from 50.4% in 1980-1989 to 28.6% in 1996-2006. The proportion of men reporting male-to-male sexual contact as their mode of HIV exposure declined, whereas the proportion with injection drug use or heterosexual exposure increased over time (Table 1) . During 5 years of follow-up, 19 126 people developed an ADC, 4137 developed a NADC, and 170 712 died.
Mortality following an ADC, NADC, or any cancer was highest among those with AIDS onset in 1980-1989 and declined over time ( Fig. 1) . Overall, mortality rates among people who were cancer-free were markedly lower and also declined more steeply with AIDS calendar time. The mortality attributable to cancer (in relative or absolute terms) reflects the excess deaths in people with cancer compared with those without cancer. As a result of the temporal changes in mortality rates, we found that among people with cancer who subsequently died, the proportion of deaths attributable to their cancer increased over time (i.e. attributable risk, Table 2 ). For example, the proportion of deaths among people with an ADC that were attributable to their ADC increased significantly across AIDS calendar periods from 68.6% during 1980-1989 to 77.8% during 1990-1995 to 88.3% during 1996-2006. Similar patterns were observed for NADCs and all cancers combined. Nonetheless, the pattern was different when attributable mortality was viewed as a rate, as a result of the overall decline in mortality rates: attributable mortality rates due to ADC, NADC, and any cancer overall each exhibited a more than 60% decrease across the study period (Table 2) . Table 2 also presents information on deaths among the entire AIDS population attributable to cancer. These results incorporate the population proportion of people with cancer as well as mortality rates. When expressed as a rate, population attributable mortality declined over time. For example, the population mortality rates attributable to any cancer were 34, 16, and 3.8 per 1000 person-years for AIDS onset in 1980-1989, 1990-1995, and 1996-2006 , respectively. Similar patterns were seen for ADCs and NADCs separately. Likewise, when expressed as a proportion of all deaths, population mortality attributable to ADCs (i.e. PAR) declined significantly over time, from 6.3% of all deaths in 1980-1989 to 3.9% in 1996-2006. In contrast, however, the population mortality attributable to NADCs increased significantly over time, rising from 0.5% of all deaths in 1980-1989 to 2.3% in 1996-2006. Finally, the decline in deaths attributable to ADCs led to a modest decline in population mortality attributable to any cancer, from a peak of 6.9% of deaths in 1990-1995 to 6.0% in 1996-2006.
Discussion
In this large and nationally representative cohort of people with AIDS in the United States, we noted significant declines in mortality among those with and without cancer, which we interpret to reflect the impact of increasingly effective antiretroviral therapies in decreasing deaths related to HIV infection. With these improvements in overall mortality, a significantly growing fraction of deaths in people with an ADC or NADC were attributable to their cancer. Furthermore, the fraction of all deaths among people with AIDS that were attributable to a NADC (i.e. PAR) increased significantly in the HAART era.
An important feature of this analysis was our evaluation of the contribution of cancer mortality among people with AIDS on multiple scales. In absolute terms, attributable mortality rates (ADC and NADC) declined over the study period. This increased survival after cancer diagnosis may be related to improvements in cancer treatment. However, on the relative scale, our attributable risk estimates demonstrated the persisting importance of cancer-related mortality among people with AIDS and cancer. For those with any cancer who died, the fraction of deaths attributable to that cancer increased from 68.7 to 87.6% in the HAART era.
These results suggest that, although deaths from noncancer causes have decreased dramatically, cancer-specific mortality has not improved as rapidly. We, therefore, emphasize that successful cancer treatment among people with AIDS will become increasingly important and should address both clinical issues (e.g. immunosuppression, comorbid conditions, chemotherapeutic drug interactions with HAART) and social barriers (e.g. limited access to healthcare, societal marginalization and stigma) [18] [19] [20] . Further, as a single cancer treatment center is unlikely to see many HIV-infected people with a given cancer type, coordinated multicenter trials are needed to determine optimized therapeutic regimens. It has also been argued that HIV-infected people should be included in cancer treatment trials open to the general population [18] .
Our population attributable mortality rate findings demonstrate that ADC-related mortality among people with AIDS has declined dramatically. This populationlevel decrease is partly due to steep declines in the 1314 AIDS 2012, Vol 26 No 10 incidence of these cancers [3, 5] , which have resulted from improved HIV therapies and better immune control of cancer-causing viruses (e.g., Epstein-Barr virus for NHL). Population attributable mortality rates for NADC also declined, albeit more slowly than for ADCs. In contrast to ADCs, the incidence of NADCs among people with AIDS has remained stable [3, 5, 21] . At the population level, the mortality attributable to NADCs increased from 0.5% of all deaths in 1980-1989 to 2.3% in 1996-2006. This increase in population attributable mortality should be considered in the context of declines in mortality from other causes; as mortality due to opportunistic infections and ADCs decreased over time, a greater fraction of all deaths were attributed to NADCs. shows mortality in people with any cancer (either an ADC or NADC) vs. those who were cancer-free. Note that the comparison group of cancer-free people varies slightly across the three panels because it is defined in each instance in relation to the specified cancer outcome.
Our findings are consistent with those of other reports describing cancer-related mortality among people with AIDS. One study among people with AIDS in New York City (1999) (2000) (2001) (2002) (2003) (2004) found 5% of deaths had cancer listed as the underlying cause [8] , similar to our PAR estimate of 6.0% during 1996-2006. An analysis of deaths among HIV-infected people in Europe found 8% of deaths were due to NADC [22] . This estimate was substantially higher than ours, perhaps because it was based on a population that included people without AIDS, who likely had fewer AIDS-related deaths (and therefore proportionally more cancer-related deaths). A recent collaborative analysis of causes of death among people with HIV in Europe and North America reported a NADC mortality rate of 1.2 per 1000 person-years in 1996-2006, very similar to our population attributable mortality rate of 1.4 per 1000 person-years [23] . The same study showed no decline in NADC mortality in the most recent calendar period (2003-2006 vs. 1996-1997) , emphasizing the continuing importance of cancer in this population.
A potential source of heterogeneity in findings across studies is the challenge in accurately determining a single cause of death in people with multiple medical problems [24] . Based on the underlying cause of death (UCOD) recorded on death certificates, we previously reported the fraction of deaths among people with AIDS related to cancer [10] . For NADCs, the results were largely similar to those we report here. However, the results differed for ADCs, especially for people diagnosed with AIDS before the availability of HAART. For example, for people diagnosed with AIDS in the 1980s and who subsequently died, only 1.05% had an ADC listed as their UCOD [10] , whereas herein we estimated a PAR of 6.3%. These estimates were more similar for people diagnosed with AIDS in the HAART era (2.47% of deaths due to ADCs based on UCODs vs. 3.9% based on the calculated PAR). We suspect that in the pre-HAART era, when AIDSrelated mortality was very high, clinicians were more likely to attribute any death in a person with an ADC to AIDS rather than to cancer, but with improved HIV treatment, this tendency may have reversed. The sensitivity of death certificates for detecting deaths related to cancer (ADCs in particular) may, therefore, be low and somewhat variable. In an additional analysis, we found that most people included in the current study who died from cancer (according to the UCOD on their death certificate) also had a prior cancer diagnosis in the cancer registry (68% for ADCs and 62% for NADCs during 1980-2006), suggesting UCODs on death certificates have moderate positive predictive value. Nonetheless, differences between the present study and our prior study [10] underscore the difficulties in attributing a single cause when deaths involve multiple disease processes, and they demonstrate how different methods of counting and classifying deaths can lead to different conclusions. Similar challenges in correctly classifying cancer-related deaths from UCODs reported on death certificates arise in the general population [25] . Taken together, these findings support our use of an attributable mortality framework, which is not limited by the accuracy of information included on death certificates and not subject to changes in diagnostic patterns or death certificate coding over time.
Strengths of our study include its large size and representative inclusion of major cities and states affected by the HIV epidemic, making our cancer-attributable death results applicable to the US AIDS population. An additional strength was our novel analytic approach, which accurately accounted for incident cancers and deaths occurring throughout the follow-up period. Others have recently proposed a piece-wise constant hazards model to estimate population attributable mortality [26] , which appears similar to our method, although the variance estimation procedures are more computationally intensive. Of note, the attributable mortality framework is based on a causal relationship between exposure (i.e. cancer) and the outcome of interest (i.e. death), which assumes there are no unmeasured confounders. Although our multivariate models adjusted for sex, race/ethnicity and age group, we lacked information on individual-level risk factors, such as tobacco and alcohol use, comorbid conditions, and HAART use. Thus, our mortality estimates reflect the combined effects of both cancer and these unmeasured factors.
We chose to evaluate mortality at 5 years because longer follow-up would require adjustments to account for potential outmigration of people with AIDS [5, 27] . In addition, from a clinical standpoint, estimating mortality due to cancer at 5 years after AIDS onset is appropriate for a disease such as AIDS for which survival was previously poor (measured in months) but has subsequently improved (now measured in years). Future studies with longer periods of follow-up and into more recent calendar periods may also be informative as mortality among people with AIDS continues to change over time. Also, cohorts of individuals with HIV but not AIDS should be evaluated, especially as the number of HIVinfected people on HAART increases and AIDS becomes a less common condition.
As the spectrum of HIV/AIDS-related sequelae continues to change in the HAARTera, accurate monitoring of cancer-related deaths will remain necessary to inform clinicians treating people with HIV and cancer, epidemiology researchers, and public health officials. To our knowledge, this is the first study to use attributable mortality methods to evaluate cancer deaths among an AIDS cohort. Although mortality due to NADCs has declined in the HAART era, these malignancies account for an increasing proportion of all deaths. Our results highlight the importance of improved cancer screening, prevention, and treatment among people with AIDS.
